ABSTRACT Background and aims: Studies in patients seeking medically assisted reproduction have shown that smoking reduces fertility, but little information is available in the general population. We assessed the associations between smoking and the number of children, childbearing planning and age at menopause in a representative sample of the population of Lausanne, Switzerland. Results: Women who currently smoke had significantly less children than former or never smokers: the number of children per women (average ±SD) was 1.38±1.05, 1.45±1.07 and 1.576±1.16, respectively ( p<0.001). Women who currently smoke had their first child at an earlier age than the others: 26.7±5.2, 27.4±5.4 and 26.9±5.2 years old for current, former and never smokers, respectively, ( p=0.01). Similar findings were found for men: number of children per men 1.475±1.16, 1.67±1.13 and 1.55 ±1.22 for current, former and never smokers, respectively ( p<0.001); no difference was found regarding age at the first child. The difference persisted after multivariate adjustment (adjusted for age, body mass index, Caucasian origins, alcohol consumption, caffeinated drinks consumption, educational level, receiving social help and women taking contraceptives) for the age at first child among women. No association was found between Heaviness of Smoking Index and the number of children among current smokers in both genders. Women who smoke had their menopause more than 1 year prior than never-smoking women (48.9±0.2 years compared with 47.8±0.3 years, respectively, p=0.002).
INTRODUCTION
Smoking has been cited as a cause of infertility in both genders, 1 2 but the mechanisms by which smoking leads to infertility are not clearly understood. Most studies on smoking and infertility were conducted in the setting of medically assisted procreation. 3 A meta-analysis conducted in the late nineties showed an OR of 1.60 (95% CI 1.34 to 1.91) for infertility among female smokers compared with non-smokers. 4 The effect of smoking on female fertility appears to be dose dependant 5 and even secondhand smoking has been shown to reduce the chance to give birth in an assisted reproduction programme. 6 Smoking during pregnancy could also decrease fertility of the future female about to be born. 7 One of the first cohort studies to show the association between smoking and age at menopause was conducted in 1977. 8 More recently, two large cohort studies of over 50 000 and 90 000 women, respectively, have shown that smoking was associated with earlier menopause. 9 10 Moreover, in a recent meta-analysis, female smokers experienced menopause almost a year earlier than never smokers, and this difference was even greater in economically developed regions. 11 For men, the literature
Strengths and limitations of this study
▪ The study collected data on large number of participants, representative sample of the population of Lausanne, Switzerland. ▪ Adjustment for a number of possible confounding variables known to influence fertility such as alcohol and caffeine intake, certain drugs or body mass index. ▪ No data was available regarding the number of pack-years smoked, information on secondhand smoke, the smoking status of the parents and time after quitting for former smokers. ▪ No data was collected regarding the willingness to have children or the number of pregnancies (including stillborn, voluntary abortions or miscarriages).
is more limited. Smokers tend to have lower spermatozoid absolute count, density and motility, less semen volume and more abnormal morphology specimens than non-smokers. [12] [13] [14] Interestingly, most studies on smoking and fertility were conducted among medically assisted procreation couples, and few data exist on the associations between smoking and fertility in the general population. The Avon Longitudinal Study of Pregnancy and Childhood (ALSPAC) reported a delayed conception time in smoking couples expecting a baby, or in future mothers exposed to passive smoke. 15 The ALSPAC focused mainly on delayed conception and little data on the number of children was provided.
Hence, we used the data from a population-based survey conducted in Switzerland to assess the association between smoking status and Heaviness of Smoking Index (HSI) with the number of children, the age at first child, and the age at menopause.
METHODS

Study population
Data from participants of the CoLaus study were analysed. The CoLaus study is a large population-based cohort, aimed at assessing the determinants of cardiovascular disease in the population of Lausanne, Switzerland. All participants signed a written informed consent.
The sampling frame and methodology of the CoLaus study have been described elsewhere. 16 The following inclusion criteria were applied: written informed consent; age 35-75 years; willingness to take part in the examination and to donate a blood sample.
Study procedures and measurements
All participants were assessed in an outpatient clinic of the University Hospital of Lausanne. Data were collected by trained field interviewers during a single visit lasting about 60 min. Information on demographic data, socioeconomic and marital status, lifestyle factors, personal and family history of disease, cardiovascular risk factors and treatment was collected. Recruitment began in June 2003 and ended in May 2006 and included 6184 Caucasian participants. The evaluation included an interview, a physical examination, blood sampling and a set of questionnaires. The follow-up was performed between April 2009 and September 2012, five and a half years on average after the collection of baseline data and was similar to the baseline evaluation. Further details regarding the baseline and the first follow-up can be found elsewhere. 16 The time of examination was independent of the family planning schedule or other variables, as it was an instantaneous picture at this moment.
Smoking habits
Smoking habits were assessed by questionnaire and the participants were categorised in never, former and current smokers. Current smoking was defined if the participant reported smoking at the time of examination, irrespective of the amount of tobacco smoked. Participants were considered as former smokers if they reported to have smoked in the past but not anymore at the time of examination, irrespective of the date of quitting.
Participants who smoked were further invited to a substudy assessing smoking characteristics and asked about the amount of tobacco smoked daily. This was irrespective of the moment of their family life, meaning it could be before, during or after childbearing, depending of the participant. Cigar, cigarillo or pipes were converted into cigarette equivalents using the following criteria: 1 pipe or cigarillo=2.5 cigarettes and 1 cigar=5 cigarettes. 17 The number of cigarette equivalents smoked per day was then used to compute the HSI. The HSI includes a score for the amount of tobacco smoked (0 for 0-10; 1 for 11-20; 2 for 21-30 and 3 for >31 cigarette equivalents/day) and a score for the time to the first cigarette consumed after waking (0 for >61; 1 for 31-60; 2 for 6-30 and 3 for ≤5 min). 18 HSI values ranged from 0 to 6 and three HSI categories were made: low (scores 0-1), medium (scores 2-4) and high (scores 5-6).
Number of children and contraception
The number of children and age of the participant at the first birth of her/his offspring was assessed as reported by the participants.
Contraception was defined as a positive answer to the question ' Do you currently take contraceptives '. Other information such as ever taken contraceptives (yes/no), age at start and end of contraceptive use, and duration of contraceptive use (in years) was also collected. When the participant reported currently using contraceptives, duration of use was calculated using the actual age of the participant. When the duration of contraceptive use was <1-year, the value of 0.5 was used.
Age at menarche and at menopause Age at menarche was assessed by asking the women at which age they had their menses. Women were also asked if they had a hysterectomy coupled with ovariectomy, but the date of the intervention was not recorded.
Menopause was assessed by asking the women the age of cessation of menses, regardless of the cause of menopause (natural vs induced), and regardless of the use of hormonal replacement therapy.
Other data Marital status was categorised into married/living together; divorced; single and widowed.
Socioeconomic status was categorised according to educational level, defined as the highest qualification achievement. Three categories were made: low (mandatory school), middle (secondary or postsecondary education such as apprenticeship) and high (university degree).
Receiving social help (because of unemployment) was used as a second marker of socioeconomic status. Caucasian origin was defined as having all four grandparents living in a selected number of countries (list available from the authors on request). Body weight and height were measured with participants standing without shoes in light indoor clothes. Body weight was measured in kilograms to the nearest 100 g using a Seca scale, which was calibrated regularly. Height was measured to the nearest 5 mm using a Seca height gauge. Overweight was defined as a body mass index (BMI) ≥25 and <30 kg/m 2 ; obesity was defined as a BMI≥30 kg/m 2 . Venous blood samples were drawn after overnight fasting, and assays were performed by the Centre Hospitalier Universitaire Vaudois (CHUV) Clinical Laboratory on fresh plasma samples within 2-hour of blood collection in a Modular P apparatus (Roche Diagnostics, Switzerland). Diabetes was defined as fasting plasma glucose of ≥7 mmol/L and/or drug treatment for diabetes.
Alcohol consumption was assessed by asking the participants how many units (glasses, shots, cans) they had consumed during the previous 7 days. Participants were defined as non-drinkers, low (1-13 units/week), middle (14-27 units/week) and high (≥28 units/week) drinkers.
Caffeine intake was assessed by asking the participants how many caffeinated drinks (including energy drinks) they consumed per day. Participants were defined as non-users, low (1-3 cups/day), middle (4-6 cups/day) and high (≥6 cups/day) consumers. Drug treatments were assessed by asking the participants to bring all their prescribed and non-prescribed drugs. Drugs known to influence fertility such as retinoic acid or anticancer drugs (any type) were identified.
Statistical analysis
Statistical analysis was conducted using Stata V.13.0 (Stata Corp, College Station, Texas, USA). The number of children and the age at first birth were analysed separately for each gender. Results were expressed as number of participants and ( percentage) or as mean±SD. Between-groups comparisons were performed using χ 2 for qualitative data and Student's t-test or analysis of variance (ANOVA) for quantitative data. As the distribution of the number of children was skewed, comparisons were performed using nonparametric tests.
Multivariate analysis was conducted using ANOVA and the results were expressed as adjusted mean±SE. Two multivariate adjusted models were built: the first one was adjusted for age, BMI, Caucasian status (yes/no), alcohol consumption (four groups), caffeinated drinks consumption (four groups), educational level (three groups) and receiving social help (yes/no). These adjustment variables were characterising the population in more details, and assessing additional stress factors. The second one was adjusted similarly plus diabetes (yes/no), marital status (married/living together; divorced; single and widowed), contraception (for women), retinoic acid and anticancer drugs. These variables were chosen for their interaction with fertility, as described in the literature. 2 Results were expressed as multivariate adjusted mean±SE and post-hoc bivariate comparisons were performed using the Scheffe's method. Sensitivity analyses were conducted by restricting the sample to women (1) without hysterectomy and (2) not taking contraceptives. Linear trends between dependent and categorical variables (ie, smoking or HSI categories) were assessed using the contrast p. function of Stata.
The impact of smoking on incidence of menopause was assessed by restricting the analyses to nonmenopausal women at baseline and assessing the age of cessation of menses. Only women with follow-up were included, so no censoring occurred; also, it was not possible assessing whether menopause was natural or surgically induced. Analysis was conducted using Cox proportional hazards regression and the results were expressed as multivariate adjusted HR and (95% CI).
The proportional hazards assumption was tested using the estat phtest command, uses Schoenfeld residuals; a significant test indicates deviation from the proportional hazards assumption. Statistical significance was assessed for two-sided tests with p<0.05.
RESULTS
Characteristics of the studied population
Of the initial 6733 participants, 22 (0.3%) were excluded because of missing data regarding smoking habits, BMI, education, caffeinated drinks consumption and the number of children. The characteristics of the remaining 6711 participants according to gender are summarised in table 1.
Women were older, with lower educational level, had a lower BMI and prevalence of diabetes than men. Women also reported lower alcohol consumption and being often on retinoic or anticancer drugs than men, while no differences were found regarding caffeinated drinks consumption or Caucasian origin.
Women were less frequently current or former smokers than men. Among current smokers, women had a lower HSI than men. Women reported a lower number of children and a lower age at first birth than men (table 1) . Finally, 517 women (14.7%) reported having had a hysterectomy with ovariectomy.
Smoking and number of children, men
The effect of smoking status and of HSI on the number of children and on the age at first birth among men is summarised in table 2.
On bivariate analysis, current smokers had a lower number of children than never smokers, but this difference was no longer significant after multivariate adjustment. No significant difference was found between smoking status or HSI categories regarding age at first birth. HSI was negatively correlated with age at first birth (Spearman r=−0.122, p<0.01) but not with the total number of children (r=−0.042, p=0.27).
Smoking and number of children, women
The effect of smoking status and of HSI on the number of children and on the age at first birth among women is summarised in table 3. On bivariate analysis, current smokers had a lower number of children than never smokers, and this difference persisted only after multivariate adjustment for age, BMI, Caucasian status, alcohol consumption, caffeinated drinks consumption, educational level and receiving social help (see model 2 in table 3). There was no statistically significant difference when adjusting in addition for diabetes, current contraception, marital status, retinoic acid and anticancer drugs (see model 3 in table 3), and with ever used contraception (see model 4 in table 3). Among current smokers, no association was found between HSI and the number of children (Spearman r=−0.007, p=0.87); similarly, no difference was found between HSI categories regarding the number of children (table 3) .
Current smokers reported a lower age at first birth than former smokers, and this difference persisted after multivariate adjustment. Among current smokers, HSI was negatively correlated with age at first birth (Spearman r=−0.146, p<0.005), and women in the highest HSI category reported a lower age at first birth than women in the low and medium categories
Restricting the analysis to women without hysterectomy showed a similar albeit non-significant difference after multivariate adjustment: current smokers tended to have fewer children than never smokers ( p value for trend=0.035, see online supplementary table S1). Restricting the analysis to women not taking contraceptives showed no association between smoking status and the number of children, but lower age at first birth among current smokers compared with never smokers (see online supplementary Smoking and age at menarche/menopause Age at menarche was not different according to smoking status: adjusted mean±SE: 13.3±0.04, 13.2±0.05 and 13.2 ±0.06 years for never, former and current smokers, respectively ( p=0.129), and restricting the analysis to women without hysterectomy led to similar findings: adjusted mean±SE: 13.3±0.1, 13.2±0.1 and 13.3±0.1 years for never, former and current smokers, respectively ( p=0.218). Also, no difference was found between HSI categories (data not shown).
Age at menopause was assessed among 1903 women. Age at menopause was lower among current smokers than among never smokers and pairwise comparisons showed a significant difference between current and never smokers while no difference was found between former smokers and the other two groups (see online supplementary table S2). Conversely, age at menopause did not differ between HSI categories (see online supplementary table S3). Restricting the analysis to women without hysterectomy led to comparable findings, although the difference between smoking status was no longer significant ( p=0.058, see online supplementary table S3); conversely, an association between HSI and younger age at menopause was found (see online supplementary table S3). The impact of smoking on incidence of menopause was assessed by restricting the analyses to 1257 nonmenopausal women at baseline and assessing the age of cessation of menses. Their mean (±SD) age was 43.6±5.3 and 49.4±5.4 at baseline and follow-up, respectively; median follow-up time was 5.3 years and 118 (9.4%) reported having a hysterectomy with ovariectomy. After adjusting for age, BMI, alcohol consumption (four groups), caffeinated drinks consumption (four groups), educational level (three groups), receiving social help (yes/no), diabetes (yes/no), retinoic acid and anticancer drugs (yes/no), women who smoked at baseline had a HR of 1.34 (1.04 to 1.72), p<0.05 of reaching menopause relative to women who did not smoke at baseline; the corresponding value for former women smokers at baseline was 0.96 (0.75 to 1.24), p=0.78. No violation of the assumption of proportional hazards was found for smoking categories ( p=0.104). Restricting the analysis to incidence of non-surgically induced menopause (ie, excluding women who reported having a hysterectomy with ovariectomy) led to similar findings: women who smoked at baseline had a HR of 1.41 (1.08 to 1.86), p=0.013 of reaching menopause relative to women who did not smoke at baseline; the corresponding value for former women smokers at baseline was 0.98 (0.74 to 1.30), p=0.91. Among smokers, a borderline significant association was found between HSI and the risk of reaching menopause: HR 1.06 (0.999 to 1.12), p=0.052 for one unit increase in HSI, but the assumption of proportional hazards was not met ( p=0.002). Restricting the analysis to incidence of non-surgically induced menopause led to non-significant findings, that is, the HR of reaching menopause for one unit increase in HSI was 1.09 (0.93 to 1.28), p=0.289.
DISCUSSION
This study assessed the impact of smoking on the number of children and age at menopause using a population-based setting. Many studies have investigated fertility and smoking in the setting of medically assisted procreation. But this subpopulation was clearly different of the general population, as it has sought medical assistance, because of an initial fertility problem. Conclusion on this subpopulation could not be extrapolated in the general population, and this could explain the difference between our results and the previous findings. Our results confirm the deleterious effect of smoking among women on the number of children and in accelerating the occurrence of menopause. Conversely, no consistent dose-effect relationship between heaviness of smoking (as assessed by HSI) and the number of children was found. Smoking and number of children, men Smoking has been shown to alter the quantity and the quality of spermatozoids. 12-14 19 Conversely, the effects of smoking on fertility among men have seldom been assessed and the results are conflicting. In this study, after multivariate adjustment, no association was found between smoking status or HSI categories among smokers and the number of children or age at first childbirth. Our findings are in agreement with those of Bolumar et al, 20 who found no difference in fertility between male smokers and non-smokers and with a study conducted among infertile men that found no association between sperm parameters and intensity of smoking. 21 Conversely, studies conducted in India 14 and Jordan 22 reported significantly lower sperm motility and increased sperm morphological defects among smokers. Possible explanations rely on the amount and type of tobacco smoked, which could differentially impact spermatogenesis, but more studies are needed to confirm this hypothesis.
Overall, our results suggest that in our sample, neither smoking nor smoking intensity appear to influence male fertility, but it would be of interest that these findings be replicated in other cohorts. Still, male smokers should be counselled to stop, as smoking has been shown to alter DNA and microRNA expression in spermatozoa, 23 24 with potential genetic and epigenetic consequences in offspring. 25 Smoking and number of children, women Female smokers reported a lesser number of children than former and never smokers, when adjusted for age, BMI, Caucasian status, alcohol consumption, caffeinated drinks consumption, educational level and receiving social help, while no differences were found when adjusting in addition for diabetes, current contraception, marital status, retinoic acid and anticancer drugs, and with ever used contraception. There was no statistically significant difference between HSI groups among current smokers. The difference, statistically significant, was relatively small (1.41, 1.47 and 1.56 child per participant, for smokers, former smokers and never smokers, respectively). Nevertheless, at a population scale, this could lead to important differences. These findings are in agreement with a previous study by Ausgood et al, 4 who showed that female smokers were more frequently infertile than non-smokers. Another hypothesis would be that smokers tend to have children who will smoke in the next generation, as stated by Chassin et al. 26 And exposure to smoke during the fetal life was correlated to infertility decades after. 7 Besides reduced fertility and increased number of complications during pregnancy among smokers, 5 several other explanations can be put forward to explain the lesser number of children among women who smoke. For instance, smoking status is usually related to a lower socioeconomic status 27 and thus to a lower economic capacity to care for several children. Although adjustments for education and social help were performed, it is possible that some residual confounding persisted and that the impact of socioeconomic status related to cigarette smoking was not fully accounted for. Conversely, the absence of association between HSI and the number of children among smokers does not confirm previous findings of Bolumar et al, 20 who reported that smoking exerts a dose-dependent effect on decreased fertility.
Contrary to Hull et al, 15 no association was found between active smoking and delayed conception; rather, female smokers reported a younger age at first birth than former or never smokers. The most likely explanation is differences in socioeconomic status. Indeed, in Switzerland, smoking is more prevalent among lower educated persons 27 28 while educational level is positively associated with age at firth birth in both genders. 29 Balbo et al 30 analysed the role of education on the postponement of childbearing; education was associated with an older age at birth of the first child, but not with the number of children, a finding also reported by others. 31 Overall, our results indicate that smoking is associated with a lower age at first birth in women, although a possible residual confounding by socioeconomic factors cannot be ruled out. Conversely, no association was found between HSI and the number of children or age at first birth.
Smoking and age at menarche/menopause In women, no differences were found regarding age at menarche between smoking status or HSI categories. Conversely, menopause occurred more than a year sooner for current smokers compared with never smokers, while former smokers showed values between never and current smokers. This finding is in accordance with a recent meta-analysis 11 and could be one of the reasons of decreased fertility in women. Further, the association between age and menopause and smoking seemed to be dose-dependent, with a borderline significant HR of 1.06 (0.999 to 1.12), a finding also by Dechanet et al. 5 The lack of significance in our study is likely due to the small sample size; it would be of interest to replicate our findings in other cohorts.
Strengths and limitations
This study has several strengths. It is population-based, collected data on large number of participants and allowed adjusting for a number of possible confounding variables known to influence fertility, such as alcohol and caffeine intake, 32 certain drugs or BMI.
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This study also has several limitations worth acknowledging. First, no data was available regarding the number of pack-years smoked and the exposure to secondhand smoking; thus, it was not possible to correlate the total amount of tobacco smoked with the number of children or age at first birth. Still, the use of HSI enabled to test a dose-effect association between smoking and the outcomes of interest. It is noteworthy that it was only self-reported data, and the magnitude of smoking could be underestimated or minimised. The smoking status was assessed at the time of examination, independently of the family planning schedule, meaning that we could lose some information (eg, having quit smoking at the time of examination, and relapsing just after). Second, no information regarding time after quitting was available for former smokers, and it has been suggested that both women's fertility 34 and men's sperm quality increase after quitting smoking. 35 Still, the strength of the associations observed for former smokers was consistent between those observed for never and current smokers, suggesting a reversal of the deleterious effects of smoking after quitting. Third, no data was collected regarding the willingness to have children or the number of pregnancies (including stillborn, voluntary abortions or miscarriages, and complications), and it has been shown that smoking increases the likelihood of non-successful pregnancies. 36 Thus, it is possible that the magnitude of the negative association between smoking and fertility be overestimated. Still, the negative association between smoking and the number of live children has been reported by others. 4 5 No information was available regarding adopted children. Hence, it is likely that some participants included adopted children in their responses. This would lead to an overestimation of the number of natural children, but we had no way of sorting this out. This also applied for children from reconstituted families. Fourth, only a limited number of socioeconomic status parameters were available, and possible residual confounding cannot be ruled out. Still, we used the most common marker of socioeconomic status (educational level) together with a marker of economic deprivation (receiving social help), hence the residual effect of other socioeconomic conditions might not be of importance. Fifth, no data on secondhand smoking was available in our study, despite the fact that it has been shown to influence fertility. 37 Separate analyses were conducted for women and men as a significant ( p=0.001) interaction was found between gender and smoking status regarding the number of children and age at first birth, and also because it would have been difficult to justify an adjustment on contraception in men. Still, we conducted a joint analysis in men and women, the results of which are summarised in online supplementary table S4; the results were comparable to those reported separately for each gender, that is, no association with the number of children but lower age at first birth among current smokers. Sixth, it was not possible to confirm whether the hysterectomies performed were truly with ovariectomy or not, and the date of the intervention. Still, the results obtained after restricting the analyses to women without hysterectomy were comparable to the ones obtained using the whole sample. The fact that some results were non-significant could be due to the smaller sample size and lower statistical power. Finally, no data regarding the smoking status of the parents was available, and as it was shown, the fertility of the offspring was reduced by smoking parents.
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CONCLUSION
Smoking is associated with a younger age at first birth and at menopause among women. No association was found in men. No dose-dependent association of smoking on the number of children or on the age at first birth was observed.
